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Abstract 
 
Carbon nanotubes(CNTs) have excellent mechanical, electrical, and thermal properties. 
Embedding carbon nanotubes to the polymer matrix improve material properties as a role of 
reinforcements in polymer nanocomposites. In this research, the effect of CNT-integration in polymer 
nanocomposites was studied theoretically and experimentally. 
In order to understand the material properties of polymer nanocomposites, researchers have 
conducted diverse methods to evaluate the mechanical properties. In this study, elastic modulus of  
epoxy-CNTs nanocomposites was investigated by numerical approach and finite element method 
(FEM) approach.  
Modeling of polymer nanocomposites was studied by using representative volume element (RVE) 
model. On the other hand, numerical approach was worked by Mori-Tanaka algorithm in Matlab. In 
this study, finite element method (FEM) simulation and numerical analysis for epoxy-CNTs 
nanocomposites were investigated. Numerical analysis was proper model to determine mechanical 
property such as elastic modulus for nanocomposites than FEM simulation. 
The more CNTs wt.% in the polymer matrix was, the higher elastic modulus was indicated. Even 
more, the elastic modulus of uni-directionally aligned CNTs was higher than randomly oriented CNTs. 
These characteristics were responded to the numerical analysis and FEM simulation. In this study, 
good dispersion of the CNTs and strong bonding between the CNTs and polymer matrix are necessary 
to improve the mechanical properties of nanocomposites.  
On the other hand, it was introduced how to manufacture the high viscosity medium bonded with 
CNTs. In this study, three roll milling method is well to disperse CNTs in the high viscosity medium. 
By making CNTs-polydimethylsioxane(PDMS) nanocomposites, the successful manufacture process 
was introduced. 
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Ⅰ. Introduction 
 
1.1 Introduction 
 
In general, a basic feature of composite materials (composites) is composed of one or more 
discontinuous phases bonded into the one continuous phase. Discontinuous phase is normally meant 
to be reinforcement as harder and outstanding mechanical properties than the continuous phase [1]. As 
discontinuous phase, fiber is used by Glass, Carbon, Aramid(Kevlar), Bor, and Ceramics. Otherwise, 
as continuous phase, matrix material is used by Thermosets, Thermoplastics, Metals and Ceramics. 
The matrix material has a role to transfer the load to the fibers and distribute the fibers [2]. In general, 
components of composites are classified in Figure 1 [2]. 
 
 
Figure 1 The general classification of composites [2] 
 
In the 1980s and 1990s, there are noticeable materials such as C60 and carbon nanotubes (CNTs). 
CNTs have noticeably an importance on much research across a multitude of disciplines due to be 
known as outstanding physical and mechanical properties. They can be envisioned as cylinders 
consisted with rolled-up graphite planes with diameters in nanometer scale. Their nominal diameter is 
ranged from 2 to 100 nano-meter(nm) and their length is between tens and hundreds of a micron. 
These geometries differ according to the manufacturing techniques and surface functional coatings.  
According to the diameter and chirality of the nanotubes, CNTs are divided into both single-walled 
(SWCNTs) and multi-walled CNTs (MWCNTs). The cylindrical nanotube usually has at least one end 
capped with a hemisphere of fullerene structure.  
Raw Materials Matrix Fiber
. Thermosets
. Thermoplastics
. Metals
. Ceramics
. Glass
. Carbon
. Aramid (Kevlar)
. Bor
. Ceramics
Types of 
Reinforcement
Short Fibers Long Fibers
Random Oriented Random Oriented
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In a view of considering mechanical properties of CNTs, CNTs have a Young’s modulus of 
around one TPa (or five times that of steel) and a strength of around twenty GPa (or one hundred 
times that of steel) [14].  After discovery of CNTs, tremendous efforts have been devoted to explore 
the science and engineering applications of nanostructured carbon materials [3,4]. Not only diverse 
engineering also materials science, physics and chemistry disciplines are widely newly emerged with 
the progressive research of nanostructured carbon materials. CNTs are considered to be short fibers, 
and polymer composites with nanotube fillers are always analogues of random, short fiber composites 
[5]. 
As the reinforcements, CNTs have been extensively researched for their structural, mechanical, 
electrical, and thermal properties [6]. Especially, embedding CNTs with a polymer has been 
extensively studied as multi-functional, high-performance engineering composites due to high specific 
characteristics in mechanical, electrical, and thermal properties with respect to minimum weight [7-
11]. In specific field area, composite materials have widely used in traditional military and aerospace 
usage. Even more, these composites have found extensive applications in commercial aircrafts, 
industrial structures such as wind blades and pressure vessels, and sports and leisure equipments [12].  
In particular, embedding CNTs to polymer matrix (polymer nanocomposites) enables possible 
applications such as batteries, fuel cells, fuel storage, etc. with remarkable mechanical, electrical, 
thermal, and storage properties [13]. The trend of study of nanocomposites is available to be replaced 
by steel or other conventional materials. 
On the other hand, as a matrix material, the high and reversible deformability of the elastomer is 
considered to be of great industrial importance. For instance rubber as the elastomer, it is used widely 
to adapt to make rubber hoses, isolation bearings, shock absorbers, and tires, etc [15]. Especially, 
polydimethylsiloxane (PDMS) among silicon rubbers is a commercially available for applications in 
mechanical sensors, electronic products and medical devices on account of its outstanding features, 
such as biocompatibility, and flexibility in low prices [16,17]. The mechanical properties of PDMS 
can be utilized for pneumatic [18], electromagnetic [19], and thermal actuators [20]. As its type of 
silicone rubber, PDMS is also used in the spring material in accelerometers [21] and integrated 
electronic sensors [22] due to its low curing temperature.  
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1.2 Motivation and Objects 
 
Even though the discoveries of outstanding characteristics of nanocomposites (polymer-CNTs 
nanocomposites) are important through various experiments, the computational simulation of 
nanocomposites is not negligible for being less cost of experiments, time-consuming to determine 
effects on unexpected possibilities. Even more the computational nanocomposites simulation 
contributes to evaluate the micro-, meso-level product. Thus, numerical algorithm and FEM modeling 
need to be investigated by comparing with experiment results. As the research of silicone rubber 
nanocomposites (PDMS-CNTs nanocomposites) is emerging, it is necessary to find the method of 
CNTs dispersion into the high viscosity medium with good distributed states.  
 
1.3 Technical Approach 
 
In this thesis, numerical approach and FEM approach to evaluate the epoxy-CNTs 
nanocomposites were studied. It suggested the validation of effective numerical algorithm and FEM 
modeling investigation was compared to experiment results. By making and testing of the PDMS-
CNTs nanocomposites, the success of experimental procedures was addressed. 
By taking SEM images of specimens of PDMS-CNTs nanocomposites, it was found out that the 
dispersion of CNTs into high viscous PDMS material was capable of treatment. 
 
1.4 Organization of the Dissertation 
 
The following chapters of this dissertation are as follows: Chapter 2 is dealt with the literature 
reviews. Numerical approach and FEM approach to determine the characteristic features of 
nanocomposites are addressed in Chapter 3. Chapter 4 has the experiment process of manufacturing 
PDMS-CNTs nanocomposites. The research conclusions are discussed in Chapter 5. The last part of 
thesis, Chapter 6, future work is outlined, followed by the references, acknowledgement, and 
appendix. 
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Ⅱ. Literature Review 
 
2.1 Carbon Nanotubes 
 
Carbon nanotubes (CNTs) are shaped in long, slender fullerenes and one dimensional carbon 
materials. They have diameters ranged from 2 and 100 nano-meter (nm) and a length between tens 
and hundreds of a micron. Their fashionable geometry is due to their manufacturing techniques and 
their surface functional coatings. They can be cylinders arranged around a central hollow core in one 
layer for single-walled carbon nanotube (SWCNT) and more than two layers for multi-walled carbon 
nanotube (MWCNTs) [23-26]. 
 
 
Figure 2-1 Conceptual diagram of single-walled carbon nanotube (SWCNT) (A) and multi-
walled carbon nanotube (MWCNT) (B) delivery systems showing typical dimensions of length, 
width, and separation distance between graphene layers in MWCNTs [27,28]. 
 
Up to now, CNTs have three chiralities such as armchair, zigzag and chiral one under the 
condition of rolling angle of the graphene sheet. Chiral vector, Ch=na1+ma2 (Figure 2-2), is mainly 
reason for setting definition of these three chiralities. In the norm letter (n,m) is the step number along 
with the hexagonal lattice unit vectors (a1 and a2). If the restricted conditions are such as n=m, m=0, 
and other else, the nanotubes are called respectively "arm chair", "zigzag", and "chiral". Typically, 
electronic properties are much more influenced by the chirality of nanotubes. For metallic nanotube 
and another semiconductor nanotube, it's restricted by whether (2n+m) equals 3 multiplication or not. 
Due to the each layer can have different chiralities, it is difficult for each MWCNT to define 
characteristics accurately more than SWCNT [23-26,29]. 
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Figure 2-2 Schematic diagram showing how a hexagonal sheet of graphene is rolled to form a 
CNT with different chiralities(A: armchair, B: zigzag; C: chiral) [25,26]. 
 
The mechanical properties of CNTs are well known to prevail more than any other existing 
materials [29-31]. Through both theoretical and experimental results of CNTs, Young’s modulus is 
around 1 TPa, which is five times of steel. Tensile strength is around 50-200 GPa, which is one 
hundred times of steel. Otherwise they have more remarkable mechanical properties filled with CNTs 
as following Table 2-1 [32-34]. Recently, CNTs can be described clearly for having many advantages 
rather than other carbon materials, such as graphite, diamond and fullerene (C60, C70, etc). According 
to these properties, described with their high specific stiffness and strength and very large aspect 
ratios, CNTs are reported as great potential alternatives for wide structural and functional applications 
[35-37]. 
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Table 2-1 Physical properties of different carbon materials [38] 
Property 
C material 
Graphite Diamond Fullerene SWCNT MWCNT 
Specific gravity 
(g/cm3) 
1.9-2.3 3.5 1.7 0.8 1.8 
Electrical conductivity 
(S/cm) 
4000p, 3.3c 10-2 – 10-15 10-5 102 - 106 103 - 105 
Electron mobility 
(cm2/(V s)) 
2.0x 104 1800 0.5 - 6 ~105 104 - 105 
Thermal conductivity 
(W/(m K)) 
298p, 2.2c 900-2320 0.4 6000 2000 
Coefficient of thermal 
expansion (K-1) 
-1 x 10-6p 
2.9 x 10-5c 
(1~3)x10-6 6.2 x 10-5 Negligible Negligible 
Thermal stability in air 
( )℃  
450-650 <600 ~600 >600 >600 
p: in-plane; c: c-axis. 
 
 
2.2 Nanocomposites Simulation 
 
2.2.1 Mori-Tanaka Micromechanics and Representative Volume Element Model 
 
In particular, the mechanical properties of nanocomposites are influenced by various parameters, 
such as filler orientation, filler dispersion, matrix-filler interphase effect, filler aspect ratio, and filler 
volume fraction, etc. Many attempts to research for nanocomposites are introduced to consider 
interfacial bonding and stress transfer properties between the nanotubes and matrix. Many 
experimental investigations are also conducted to find out the load transfer properties of the 
nanotube/polymer composites by Wagner et al. [39] and Qian et al [40]. Kin-tak Lau [41] showed 
theoretically interfacial bonding characteristics of nanotube/polymer composites by using several 
parameters such as the wall thickness, Young’s modulus, volume fraction and chiral vectors of the 
nanotubes. The theoretical model for predicting the desirable properties of nanocomposites was also 
designed. The self-consistent model (SCM) was first proposed to account for the effective elastic 
constants of composites [42,43]. Later, this model was extended to composites with various shapes of 
fillers [44,45]. Regarding to this, generalized self-consistent model (GSCM) was proposed for the 
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estimation of its material properties [46-48]. Aside from SCM and GSCM, Eshelby model is widely 
adapted to various motivated models. Eshelby model comes from an idea of a single particle 
surrounded by an infinite matrix and its result is known to be quite accurate only at low filler volume 
fraction [49-51]. The diagram of material modeling techniques is shown schematically in Figure 2-3 
[66]. 
 
 
Figure 2-3 Diagram of material modeling techniques [66]. 
 
Accompanied by gradually progress of computer proficiency, Mori-Tanaka model (MT) is 
prevailed to predict the effective material properties of composites due to its relative simplicity and 
accuracy. Thus, Mori-Tanaka model is well organized to consider interactions between fillers, which 
are periodically or non-periodically arranged fillers, in real composites [52]. Therefore, Mori-Tanaka 
model has been proposed to obtain effective elastic properties [65].  
There are more papers dealing with Mori-Tanaka model as the micromechanical model for 
nanocomposites. K.Hbaieb [53] proposed the MT model accounts for the reasonable stiffness of clay 
nanocomposites below 5% volume fraction particles. J. Wang et al. [54] reviewed the prediction of the 
overall moduli of layered silicate-reinforced polymeric nanocomposites with regarding to the major 
axial direction and aspect ratios of spheroids. Isaac M. Daniel [55] studied the characterization and 
modeling of mechanical behavior of polymer/clay. The properties of nanocomposites are related to the 
microstructure obtained by processing these materials. Odegard et al. [56,57] proposed an atomistic 
simulations of nano-structured materials via continuum models. Orientation of the CNTs as well as 
volume fraction and aspect ratio were considered by using the MT micromechanics. 
Experiments as well as the prediction of structure-property relationships of composites have been 
addressed. However, to estimate mechanical properties of nanocomposites, computational modeling 
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techniques are the easiest way to save experimental-setup cost and time. Even more, computational 
modeling of polymer nanocomposites gives the facility of the design and development of 
nanocomposites for engineering applications [58-64]. 
To deal with the nano-, mico- and meso-sized compounded materials, a representative volume 
element (RVE) is considered. RVE is defined as the volume element that described efficient and 
effective the structure of the material in statistical sense. It is due to that all materials have been 
distinguished to be a heterogeneous or discrete structure. Therefore, equivalent continuum was 
addressed in Figure 2-4 [67]. 
 
 
Figure 2-4 Equivalent continuum model of a molecular RVE [67]. 
 
Nanotube and polymer composites are investigated to determine the chemical bonds between the 
nanotubes and surrounded polymer matrix. In this point of view, it is found that the matrix material is 
composed of functionalized CNTs or non-functionalized CNTs in Figure 2-5 [67].  
 
Figure 2-5 RVEs of non-functionalized and functionalized CNT composite materials [67]. 
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2.2.2 Dispersion and Functionalization 
 
With commercialized CNTs, there are still obstacles to get at least relatively thin CNT bundles or 
disentangled CNTs. Dispersion problem for CNTs has been caused by naturally inherent 
characteristics such as high aspect ratio(>1000), nanometer diameter, and extensively large surface 
area. Dispersion of CNTs in a polymer unit cube (1.0mm3) matrix is more difficult than the other 
fillers due to the size and geometry effects. In Figure 2-6 [38], C and D are more complicated 
entangled dispersion than A and B with homogeneously distributed in the same volume of the matrix. 
Even nano-scale fillers are more challengeable distribution than micro-scale fillers due to electrostatic 
interaction and van der Waals force. In a point of view of large surface area, CNTs would be 
confronted to get uniform dispersion on account of a very few nanometers thick. 
 
Figure 2-6 Distribution of micro- and nano-scale fillers of the same 0.1 vol.% in a reference volume 
of 1 mm3 (A: Al2O3 particle; B: carbon fiber; C: GNP; D: CNT) [38]. 
 
In mechanically dispersed CNTs into a polymer matrix, there are some basic guidelines for 
getting useful techniques for CNT dispersion; Ultrasonication, Calendering process, Ball milling, Stir 
and Extrusion. Each technique of CNT dispersion is detailed in Table 2-2 [38]. 
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Table 2-2 Comparison of various techniques for CNT dispersion in polymer composites [38]. 
Technique Factor 
Damage to CNTs Suitable polymer matrix Governing factors Availability 
Ultrasonication Yes 
Soluble polymer, low 
viscous polymer or 
oligomer, monomer 
Power and mode of 
sonicator, sonication 
time 
Commonly used in lab, 
easy operation and 
cleaning after use 
Calendering 
No. CNTs may 
be aligned in 
matrix 
Liquid polymer or 
oligomer, monomer 
Rotation speed, distance 
between adjacent rolls 
Operation training is 
necessary, hard to clean 
after use 
Ball milling Yes 
Powder (polymer or 
monomer) 
Milling time, rotation 
speed, size of balls, 
balls/CNT ratio 
Easy operation, need to 
clean after use 
Shear mixing No 
Soluble polymer, low 
viscous polymer or 
oligomer, monomer 
Size and shape of the 
propeller, mixing speed 
and time 
Commonly used in lab, 
easy operation and 
cleaning after use 
Extrusion No Thermoplastics 
Temperature, 
configuration and 
rotation speed of the 
screw 
Large-scale production, 
operation training is 
necessary, hard to clean 
after use 
 
In order to provide a load transfer efficiently across the CNT/matrix interface, both chemical 
functionalization and physical functionalization are developed to modify surface properties of CNTs. 
However, there are some possibilities of adverse effects such as structural changes resulting from the 
chemical functionalization of CNTs and damaging effects of ultrasonication and other dispersion and 
mixing processes. Chemical functionalization is stabilized by bonding with carboxylic acid(-COOH) 
or hydroxyl (-OH) groups from hydrophobic nature of CNTs to hydrophilic one due to the attachment 
of polar groups. Therefore, the chemically functionalized CNTs can produce strong interfacial bonds 
with many polymers, allowing CNT-based nanocomposites to possess high mechanical and functional 
properties. Physical functionalization prevents to be aggregated CNTs by treating surfactant on CNT 
surface lowered surface tension of CNT. This method depends on only the efficient properties of 
surfactants, medium chemistry and polymer matrix. In Table 2-3, CNT functionalization methods are 
shown both chemical and physical method in short. 
  
 
 
 
 
 
11 
 
Table 2-3 Advantages and disadvantages of various CNT functionalization methods [38]. 
Method Principle 
Possible 
damage to 
CNTs 
Easy to use 
Interaction with 
polymer 
matrixa 
Re-agglomeration 
of CNTs in matrix 
Chemical 
method 
Side wall 
Hybridization of C 
atoms from sp2 to 
sp3 
√ x S √ 
Defect 
Defect 
transformation 
√ √ S √ 
Physical 
method 
Polymer 
wrapping 
Vander Waals force, 
π-π stacking 
x √ V x 
Surfactant 
adsorption 
Physical adsorption x √ W x 
Endohedral 
method 
Capillary effect x x W √ 
a S: Strong; W: Weak; V: Variable according to the miscibility between matrix and polymer on CNT. 
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Ⅲ. Nanocomposites Model Development and Validation 
 
3.1 Numerical Approach 
 
The schematic process of developing theory and the validation of experimental data is illustrated 
in Figure 3-1[68]. It shows that theory corresponds to the careful measurements of observed data, and 
models are also necessary to develop the theory. 
 
 
 
Figure 3-1 Illustration of the circular relationship between developing theory and the validation of 
experimental data [68]. 
 
 
In a viewpoint of Figure 3-1, Mori-Tanaka model was chosen to one of theories of 
micromechanics.  Therefore, algorithm of Mori-Tanaka model was numerically coded in this study. 
The schematic algorithm of the computational procedures about Mori-Tanaka model is shown 
briefly in Figure 3-2. 
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Figure 3-2 Schematic algorithm of Mori-Tanaka of the computational procedure. 
 
Each step of procedures denotes mathematical equations in Table 3-1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                   
   
        Yes 
 
 
 
 
 
 
 
 
 
 
End 
Elastic Properties of Nanocomposites Calculated by Hook’s Law: 
GandE u,  
Stiffness Tensor for Nanocomposites: ijklC  
Stiffness Tensor obtained by Mori-Tanaka Model: ijklC  
CNT Volume Fraction wt % 
Dilute Mechanical Strain Concentration Tensor for the CNT with consideration of 
Eshleby’s Tensor: Af , S 
CNT Orientation Tensor for Isotropic Orientation Composites: aij, aijkl 
Nanotube Probability Orientation Distribution Function: Ψ(P) 
Orientation of Individual CNT: P 
Start 
(2) 
(3) 
(4) 
(5) 
No 
(6) 
(1) 
(7) 
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Table 3-1 Mathematical formula of Mori-Tanaka algorithm. 
  Mathematical Formula 
(1) [71] Unit Vector: p 
ï
þ
ï
ý
ü
ï
î
ï
í
ì
=
q
qf
qf
cos
sinsin
sincos
p
             
Coordinate system and definitions of θ, Φ, and p 
  
An individual CNT defines its orientation in 3-dimensional coordinate system. 
(2)[71] Orientation 
Distribution 
Function: ( )py  
 
( )ò ò ò= = ==
p
q
p
f
yfqqfqy
0
2
0
2
sin),(
S
ddd 1pp
 
(3)[71] CNT Orientation 
Tensors: aij, aijkl 
 
( )
( )
{ }3,2,1,,, Î
=
=
ò
ò
lkji
dppppa
dppa
lkjiijkl
jiij
2
2
S
S
pp
pp
y
y
 
 
S2 : unit sphere 
 
 Distribution of CNT is defined in a unit sphere through (2)~(3). 
(4)[69,70] Dilute 
mechanical strain 
concentration 
tensor for the 
filler: Af 
 
( ) ( )[ ] 11 -- -+= mfmf CCCSΙA  
 
I : Identity tensor 
Cf : Stiffness tensor of the matrix material 
Cm : Stiffness tensor of the filler 
S : Eshelby’s tensor 
 
 Eshelby’s tensor is determined for equivalent inclusion method. 
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(5)[70,73] Stiffness Tensor 
of Mori-Tanaka 
Model: ijkl
C
 
 
( ) ( ) 1-+-+= ffmfmffmijkl VVV AIACCCC  
Vf : filler volume fraction 
Vm :matrix volume fraction 
I : Identity tensor 
Cm : Stiffness tensor of the matrix material 
Cf : Stiffness tensor of the filler 
Af : Dilute mechanical strain concentration tensor for the 
filler 
( ) fmf ACC - : Average value of terms enclosed with angle 
bracket 
 Mori-Tanaka model is used to predict the elastic properties of two-phase 
composites (matrix and fillers). Thus, it is considered that the fillers are equivalently 
homogenized in the matrix. 
(6)[71,72,74] Stiffness Tensor 
for 
Nanocomposites: 
ijklC   
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pq ££0 and pf 20 ££  
 
Q: Rotation Tensor 
 
Otherwise, Stiffness tensor of nanocomposites is 
transformed into a sum of tensorial products. 
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321C
 
661222111 42 CCCC --+=B  
23122 CC -=B  
( )2223663
2
1
CCC -+=B
 
234 C=B  
( )23225
2
1
CC -=B
 
 
B1~5 : Coefficients of the unidirectional stiffness tensor 
ijd  : Kronecker Delta  
( ij
d
= 1 when ji =  and ij
d
= 0 when ji ¹ ) 
(7) Elastic Properties 
from Stiffness 
Matrix [C]  
GandE u,  
: Young’s modulus , Poisson’s ratio and Shear modulus, 
respectively 
 
In this study, theoretical simulation was accomplished based on Mori-Tanaka model. Then the 
elastic modulus of epoxy-CNTs nanocomposites was discussed in detail on section 3.2. Otherwise, 
FEM approach will be introduced in the following chapter. FEM approach is based on equivalent 
continuum-mechanics. RVE is an efficient model for computational simulation of the nanocomposites. 
Then numerical and FEM approach were compared to the experimental results. 
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Figure 3-3 Numerical results by Mori-Tanaka method 
 
According to Figure 3-3, the material property of epoxy-CNTs composites was simulated. Em and  
Gm is Young’s modulus and shear modulus of Epon 862 epoxy(E=2.36GPa, G=0.89GPa, v(poisson’s 
ratio)=0.33), respectively. The highest Young’s modulus is axial aligned CNTs-nanocomposites. 
Otherwise, the Young’s modulus of randomly oriented CNTs is between axial aligned CNTs and in-
plane aligned CNTs. It was obvious that the results were responded to the transversely isotropic 
material CNT characteristics [70]. 
 
 
3.2 FEM Approach 
 
There are some assumptions in FEM simulation for filler embedded in the polymer matrix. CNTs 
were perfectly bonded and well dispersed in the matrix. Every CNT has the straight cylindrical 
geometry, and no changeable mechanical properties as well as no voids between CNTs and polymer 
matrix material.  
 
  
To make a RVE model for nanocomposites, there are several parameters as follows: 
 
. The most efficient RVE size 
. Filler morphology 
. Each of filler interpenetrated could be distorted meshes 
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Therefore, the FEM geometries utilized by RVE model were generated by using software 
DIGIMAT ver. 3.2, which is based on the Mori-Tanaka method and equivalent homogenization theory 
enabling the creation of geometries in the unit volume element.  
The finite element model is useful to compute for anticipating the mechanical nanocomposites in 
terms of validation between experimental results and numerical results, and the results get from the 
computational commercial software ANSYS 12.1. 
 
3.2.1 Preliminary RVE Model Simulation 
 
The composite materials with CNTs and the polymer matrix were formed using a combination of 
FEM software, Digimat 3.2 for making RVE model and Ansys 12.1 for meshing and solving to get the 
goal of this study.  
Firstly, it was to be considered to build the suitable boundary conditions for simulation of 
nanocomposites FEM model. Finite element analysis (FEA) begins from the concept, how to set up 
prerequisite conditions for solving elastic properties to be the goal of present works. 
Representative unit cell for a particulate composite is presented schematically in Figure 3-4 [75].  
 
Figure 3-4 Representative unit cell for a particulate composite [75]. 
 
According to Figure 3-4, each bounding box(representative unit cell) is required to link six planes 
of the component because of a three dimensional model. For this reason, corners of the bounding box 
of the unit cell are linked to weak spring elements in the FEA environment.  
In terms of weak spring elements, COMBIN14 is the key to be used in 1-D, 2-D, or 3-D 
applications in a motion of longitudinal or torsional vibration. The translations in the nodal x, y, and z 
axial directions have three degrees of freedom at each node. Otherwise, uniaxial tension or 
compression element is to the longitudinal spring-damper option [76].  
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Moreover, the bonded contact condition for FEA simulation is necessarily set in the standard 
contact. It means that if fillers and matrix combined together are mixed well, the area of contact may 
represent the interfacial perfect bonding area depending on the applied load. This is useful for linear 
behavior to allow non-free sliding without interior complicated chemical reaction of between fillers 
and matrix in order to achieve a reasonable mechanical solution [76]. Mesh method is also thoughtful 
to make distorted elements to change better revised element quality by using adaptive mesh 
refinement technique. Here, max refinement loop equals 1, refinement depth equals 2, but in some 
cases, such as fillers penetrated each other, the adaptive mesh refinement is modified. The solution 
technique is applied by Newton-Raphson algorithm. This algorithm performs equilibrium iterations at 
each load increment to drive the incremental solution to get equilibrium. It is also repeated for 
equilibrium at each load increment until the full external load has been applied. Equilibrium iterations 
are useful by multiple sub-steps on one or more load steps.  
In Figure 3-5, RVE model is conducted by applying tensile strain to the composite material. The 
element type SOLID187 element is a higher order 3-D, 10-node element. SOLID187 has a quadratic 
displacement behavior and is well suited to modeling irregular meshes. Each element has been added 
mid-side nodes if necessary for accurate calculation of local stress. The RVE model dimension is 
uniformly 1.3 length unit compared by the relative filler length unit. The loading type is 1% peak 
tensile strain in x-direction for epoxy-CNTs nanocomposites. The boundary conditions at the three 
faces are x=0, y=0, and z=0 while the nodes at each side face are coupled in one remote point. The 
selected nodes set at the other faces are the same way. The coupled-nodes boundary condition enables 
non smooth surfaces to be deformed. 
Preliminary simulation was conducted to study the validation of RVE model as followings; 
In Figure 3-5, it is indicated that the loading and boundary conditions for the calculation of 
effective elastic modulus of RVE. 
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Figure 3-5 Loading and boundary conditions for elastic constants along uni-direction. The contour 
color represents the directional deformation of steel material along x-axis (ux). 
 
Remote Point as a scoping mechanism for remote boundary conditions is applied. Remote Point 
is a way of abstracting connection to the geometry. Due to lots of small sized nodes, each single 
Remote Point is tied on each plane. Nodes on each plane are coupled to one remote point. Remote 
points of 3 planes are fixed to be zero as an initial condition. Constraint equilibrium is also considered 
to stabilize the RVE model as an initial condition by using constraint equation to the remote point. 
The loading condition is applied to one plane to be extended at strain 1% along x-direction. To 
improve solver performance, pinball setting is used to control the one or more remote boundary 
conditions. 
For FEA validations, it was conducted to calculate the elastic modulus of RVE model of steel 
material for instance. It is authenticated that the FEM is efficient configuration to analyze RVE model 
in Table 3-2. 
 
 
 
 
 
 
 
 
Tensile 
Strain 0.01
Remote Point fixed 
on x=0 plane Remote Point fixed 
on z=0 plane
Remote Point fixed 
on y=0 plane
Constraint equilibrium is initial condition of  all 
the nodes coupled in each of the plane
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Table 3-2 Comparison between isotropic elasticity material (Steel, Epon 862, LY 564 Epoxy) and 
uni-material of RVE model 
Isotropic Elasticity Material Uni-Material of RVE model 
Steel 
 
Elasticity Modulus 200 GPa 
Stress Probe  2000 MPa 
Strain Probe  0.01 
Elastic Modulus 200 GPa 
Epon 862 
Epoxy 
 
Elasticity Modulus 2.36 GPa 
Stress Probe  18.154 MPa 
Strain Probe  0.00769 
Elastic Modulus 2.36 GPa 
LY 564 
Epoxy 
 
Elasticity Modulus 3.43 GPa 
Stress Probe  26.385 MPa 
Strain Probe  0.0076923 
Elastic Modulus 3.43 GPa 
 
Uni-material means heterogeneous material. However, it is ruled by Hook’s law just as linear 
behaviors in order to predict the elastic modulus of material. 
The Young’s modulus (or elastic modulus) is governed by Hook’s law in an assumption of linear 
behavior. 
es E=
            ….. Hook’s Law 
 
Steel’s elastic modulus is well known to be 200GPa and consistent perfectly to the results of uni-
material RVE model calculation. Thus, the calculated elastic modulus of epoxy is also consistent to 
the isotropic elasticity material as a reference [79, 81]. Therefore, it is meaningful study going on 
research FEM simulation under the same boundary conditions and loading conditions in the FEM 
environment.  
 
3.2.2 Polymer-CNTs Nanocomposites FEM Simulation 
 
3.2.2.1 Materials 
 
- Polymer Resin Material 
. Epon 862 Epoxy  
 . LY 564 Epoxy  
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- Reinforced Filler Material 
. CNTs  
 
Epon 862 epoxy and LY 564 epoxy polymer were used as the isotropic matrix for simulation [79, 
81]. The CNTs of reinforced filler material were used as transversely isotropic model [77]. 
The component values were indicated by the reference [77] in which molecular dynamics and 
equivalent continuum models were dealt. CNTs were used in real experimental environment. The 
other paper regarding to multi-walled carbon nanotubes (MWCNTs) to find out the material property 
was referred [78]. Consequently, Young’s modulus of SWCNT [77] is similar to that of MWCNTs 
[78].  It is meaningful to set the same material property of CNT for FEA in this study. Here is shown 
that the stiffness components of SWCNT are in Table 3-3. 
 
Table 3-3 CNT independent parameters and elastic stiffness components [GPa] [70]. 
Transverse shear modulus of CNT 
nt
TC = 4.4 
nt
11C = 457.6 
Transverse bulk modulus of CNT 
nt
TK = 9.9 
nt
12C = 8.4 
Longitudinal shear modulus of CNT 
nt
LG = 27.0 
nt
22C = 14.3 
Longitudinal Young’s modulus of CNT 
nt
LE = 450.4 
nt
23C = 5.5 
 nt
55C = 27.0 
 
 
 
 
 
Figure 3-6 Matrix of CNT independent parameters 
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Table 3-4 Mechanical properties of epoxy resin and CNT 
 Epon 862 Epoxy LY 564 Epoxy CNT aligned in x-axis 
E11 2.36 (GPa) 3.43 (GPa) 450 (GPa) 
E22 2.36 (GPa) 3.43 (GPa) 12.1 (GPa) 
E33 2.36 (GPa) 3.43 (GPa) 12.1 (GPa) 
ν12 0.33 0.35 0.4242 
ν21 0.33 0.35 0.0114 
ν13 0.33 0.35 0.4242 
ν31 0.33 0.35 0.0114 
ν23 0.33 0.35 0.3779 
ν32 0.33 0.35 0.3779 
G12 0.89 (GPa) 1.27 (GPa) 27 (GPa) 
G31 0.89 (GPa) 1.27 (GPa) 27 (GPa) 
G23 0.89 (GPa) 1.27 (GPa) 4.4 (GPa) 
 
 
FEA was performed with epoxy-CNTs nanocomposites. Material property is shown in Table 3-5 
and Figure 3-7, which were organized according to the previous section. 
 
Table 3-5 Material property of epoxy, CNT 
 
 
 Epoxy-CNT_Nanocomposites 
 
Matrix Filler 
 
Epon 862Epoxy 
(Isotropic) 
LY 564 Epoxy 
(Isotropic) 
CNTs(transverse isotropic) 
Density[kg/m3] 1200 1200 
 
Elastic Modulus[GPa]  2.36 3.43 
 
Poisson Ratio(ν)  0.33 0.35 
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Figure 3-7 Schematic of CNT property 
 
. Axial Young’s modulus is defined by longitudinal axis (local direction). 
. In-plane Young’s modulus is in the normal plane along the axial direction and defined by the 2 and 3 
local directions. 
. In-plane Poisson’s ratio (23) is of transversely isotropic material (in the plane in which normal is the 
axial direction). 
. Transverse Poisson’s ratio and transverse shear modulus are same indicated by the local 12 direction. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
v CNT Property Matrix v Transversely isotropic CNT elastic property [GPa]
E11 450.4727
E22 12.1256
v21 12.1256
v12 0.4242
E33 0.0114
v32 0.3779
v13 0.4242
v23 0.3779
G23 4.4
G31 27
G12 27
Calculation
v Transversely isotropic CNT elastic property [GPa]
Axial Young’s Modulus 450.47
In-plane Young’s Modulus 12.13
In-plane Poisson’s Ratio 0.38
Transverse Poisson’s Ratio 0.42
Transverse ShearModulus 27
25 
 
3.2.2.2 Modeling in Computation 
 
CNT’s morphology is similar to the spherical cylinder shape. However, the cylinder shape was 
chosen in order to reduce distorted meshes of model (Figure 3-8), which distorted meshes affect the 
FEA simulation results. However, the problem is how to describe the aspect ratio of CNT. The aspect 
ratio of CNT was assumed to have the maximum 4000 (average length: 100 μm, average diameter: 
25 nm) by the reference of Table 3-6. 
 
Table 3-6 Geometry of CNT (Sigma-Aldrich Inc.) 
Geometry of CNT (Sigma-Aldrich Inc.)  
Inner Diameter  5-10 nm  
Outer Diameter  20-30 nm  
Length  0.5-200 μm  
Aspect Ratio : 4000  Ave. Length: 100μm 
Ave. Outer Diameter: 25 nm  
 
The need of efficient CNT cylinder geometry, length and outer diameter, was studied. To do this, 
the study of relationship between aspect ratio of CNT and randomly aligned modulus was investigated 
by using Mori-Tanaka algorithm numerically. As seen in Figure 3-9, it was found out that the aspect 
ratio of CNT is 50 to be assumed reasonably as the linear characteristic area. The aspect ratio of CNT 
stands for the important value for computational modeling in the uni-sized RVE matrix box. RVE 
matrix box size was determined by considering relative CNT length as the fixed aspect ratio. In this 
study, RVE matrix box size was assumed to be 1.3 length to make a geometry in the simulation 
environment, then the CNT cylindrical shape size was modified relatively. This was shown in below 
Table 3-7.  
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Figure 3-8 CNT and RVE geometry 
 
 
 
Figure 3-9 The modulus curve affected by CNT varied of aspect ratio 
 
Table 3-7 RVE cubic size relatively by modified CNT geometry size at the fixed CNT aspect ratio. 
 
Absolute Cubic 
Size 
(a=b=c) 
Cubic Size= 
Coefficient(α) * unit 
CNT length 
Relative Final Size of CNT 
L': final length 
D' : final diameter 
Final aspect ratio(AR') 
L'=L/a D'=D/a AR' 
1 1250 (α=1) 1 0.02 50 
1.1 1375 (α=1.1) 0.909090909 0.018181818 50 
1.2 1500 (α=1.2) 0.833333333 0.016666667 50 
1.3 1625 (α=1.3) 0.769230769 0.015384615 50 
1.4 1750 (α=1.4) 0.714285714 0.014285714 50 
1.5 1875 (α=1.5) 0.666666667 0.013333333 50 
D=25
Aspect Ratio = 50
Length =Aspect Ratio x Diameter(D)
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3.2.3 FEM Approach Results 
 
FEM approach for nanocomposites is shown successfully in Figure 3-10, 3-11. In Figure 3-10, 3-
11, one of the various CNT wt.% of epoxy nanocompoistes was generated. Uni-directional distributed 
CNTs nanocomposites have nodes and elements; 432343(CNTs; 87034) and 271939(CNTs; 37838). 
Otherwise, randomly distributed CNTs nanocomposites have nodes and elements; 452066(CNTs; 
91899) and 285298(CNTs; 40233). Each portion of CNTs’ nodes and elements is 20% and 14 %, 
respectively. It is predicted that the number of fillers affects the FEM meshes in the same technique. 
In other words, FEM method depends on the geometry meshes that also are sensitive to the number of 
fillers. In this study, it was obvious that the relative CNT cylinder size was composed of limited 
absolute cubic size at a fixed CNT aspect ratio. 
 
 
 
Figure 3-10 Schematic of epoxy-0.5wt.% CNTs nanocomposites FEA results uni-directional aligned 
CNTs 
 
 
Uni-directional distributed CNTs 
FEA
FEA Results of x-axis 
displacement contour
Displacement 
contour of RVE
Displacement 
contour of CNTs
X
Y
Z X
Y
Z
Epoxy-0.5wt%CNTs  Nanocomposites
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Figure 3-11 Schematic of epoxy-0.5wt.% CNTs nanocomposites FEA results randomly aligned CNTs 
 
With the variable CNT wt.% to be applied to the epoxy resin matrix, Table 3-8 and Table 3-9 are 
organized. Each of Tables is also indicating the elastic modulus in Figure 3-12 and 3-13 with 
compared to the experiment results, respectively. The experiment results came from the reference [79]. 
 
Table 3-8 Epon 862 epoxy-CNTs nanocompoistes numerical approach (Mori-Tanaka Algorithm) 
Epon 862 epoxy + 
CNTs 
wt.%(Nanocomposites) 
Elastic Modulus [GPa] 
Uni-Directional 
Oriented CNTs 
3D-Randomly 
Oriented CNTs 
Experiment Results [79] 
0 2.36 2.36 2.36 
0.25 3.04 2.48 2.44 
0.5 3.72 2.6 2.57 
1 5.08 2.83 2.56 
3 10.59 3.87 2.7 
 
 
 
 
 
Epoxy-0.5wt%CNTs  NanocompositesRandomly distributed CNTs 
FEA
FEA Results of x-axis 
displacement contour
Displacement 
contour of RVE
Displacement 
contour of CNTs
X
Y
ZX
Y
Z
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Table 3-9 Epon 862 epoxy-CNTs nanocompoistes FEM approach 
Epon 862 epoxy + 
CNTs 
wt.%(Nanocomposites) 
Elastic Modulus [GPa] 
Uni-Directional 
Oriented CNTs 
3D-Randomly 
Oriented CNTs 
 
Experiment Results [79] 
0 2.36 2.36 2.36 
0.25 2.94 2.77 2.44 
0.5 3.31 2.89 2.57 
1 3.5 3.11 2.56 
3 5.22 4.57 2.7 
 
It was shown as a chart below according to the Table 3-8, 3-9.  
 
 
Figure 3-12 Numerical Approach for Epon 862 epoxy-CNTs nanocomposites 
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Figure 3-13 FEM Approach for Epon 862 epoxy-CNTs nanocomposites 
 
In order to consider the real state of nanocomposites, 3D-randomly oriented CNTs elastic 
modulus was studied. This is meaningful of derivation comparison between the numerical approach 
and FEM approach versus experiment results, respectively (Table 3-10, Figure 3-14). 
 
Table 3-10 3D-Randomly oriented CNTs elastic modulus of numerical, FEM and experiment results 
Epon 862 epoxy + 
CNT 
wt.%(Nanocomposites) 
3D-Randomly Oriented CNTs Elastic Modulus [GPa] 
Experiment Results [79] Numerical Results FEM Results 
0 2.36 2.36 2.36 
0.25 2.44 2.48 2.7 
0.5 2.57 2.6 2.89 
1 2.56 2.83 3.11 
3 2.7 3.87 4.57 
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Figure 3-14 The chart of numerical &FEM approach simulation (Epon 862 epoxy-CNTs) 
 
Elastic modulus of nanocomposites was affected by the CNT wt.% quantity. Uni-directional 
oriented CNTs are higher elastic modulus than 3D-randomly oriented CNTs. However, experiment 
results were closer to the 3D-randomly oriented CNTs. It is indicated that CNTs are difficult to be 
uniformly-aligned in the polymer, experimentally (Figure 3-16 [79]). This tendency was the same as 
not only numerical approach but also FEM approach to predict the elastic modulus of nanocomposites 
in Figure 3-12 and 3-13. 
The more study of epoxy-CNTs nanocomposites was investigated by using other epoxy resin (LY 
564 epoxy). The experiment results came from the reference [81].  
 
Table 3-11 LY 564 epoxy-CNTs nanocompoistes of numerical, FEM and experiment results 
LY 564 epoxy + 
CNT 
wt.%(Nanocomposites) 
3D-Randomly Oriented CNTs Elastic Modulus [GPa] 
Experiment Results [81] Numerical Results FEM Results 
0 3.430 3.43 3.43 
0.1 3.458 3.49 3.87 
0.5 3.705 3.71 4.01 
1 3.951 4.00 4.23 
1.5 4.138 4.28 4.41 
2 4.225 4.56 4.83 
3 4.365 5.13 5.42 
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Figure 3-15 The chart of numerical &FEM approach simulation (LY 564 epoxy-CNTs) 
 
 
 
 
 
  
Figure 3-16 CNT aggregation, debonding and waviness [79]. 
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(a) 
 
(b) 
 
Figure 3-17 SEM images of the fracture surface in LY 564 epoxy nanocomposites containing 3wt.% 
of untreated MWNT: (a) and (b) magnification (5000x) of agglomerate shown in (a) [81]. 
 
The numerically calculated elastic modulus value is fitted well with the experimentally obtained 
values for below 0.5wt.% CNTs in Figure 3-14 and 3-15. However, the experimentally determined 
elastic modulus of the samples containing 1-3wt.% MWNT was lower than the numerical and FEM 
predictions. This phenomenon was caused by the agglomerates, debonding and waviness of CNTs in 
Figure 3-16, 3-17. Another reason for the observed difference is the development of voids during the 
hardener with the epoxy suspension via stirring [81]. Even though the experiment results have defects 
of several reasons, FEM prediction results indicate bigger derivation than numerical results in Figure 
3-14, 3-15. It is due to several assumptions to consider the FEM model. In FEM model, multi-body 
interactions of CNTs are happened. There is no waviness, only cylindrical CNTs geometry. Thus the 
perfect contact bonding condition is used for interphase effect. Therefore, the higher stiffness of FEM 
model is estimated with respect to the numerical analysis. 
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3.3 Summary 
 
In Figure 3-14, 3-15, numerical approach is much closer to the elastic modulus curve of 
experimental results than FEM approach. The gradient of elastic modulus curve in numerical 
approach is sharply at over 1wt.% CNTs. FEM approach has the similar characteristic curve.  
FEM results have some big derivation in initial CNTs wt.% applied rather than analytical 
approach of Mori-Tanaka method. It is because the inner contacted area of the RVE body is perfectly 
bonded between fillers and matrix. It means that the higher elastic modulus of nanocomposites along 
the strain 1% applied to the RVE body is easily anticipated as following reasons: 
In FEM model, the multi-body interactions of cylindrical CNTs geometry had been concerned. 
On the other hand, the numerical approach using Mori-Tanaka algorithm deals with the contacted 
interaction area differently. The numerical method (Mori-Tanaka) is self-consistent to be averaged  
of interphase property between fillers and matrix. Even more fillers themselves have been calculated 
to be averaged of mechanical properties at each other.  
Another reason is that sidewall effect of the FEM meshes happened. During the FEM simulation, 
fillers are contained in the 80% allocated area inside the six boundaries of the box. The box dimension 
(1.3*cubic box) is restricted to the relative size of filler (L’=0.7692, D’=0.01538). Therefore, some 
fillers are cut near by the sidewall with some 80% portion. Thus the interphase area property between 
fillers and matrix is no considered. However, the interphase effect is only achieved by perfect contact 
bonding condition in FEM model. It means that CNTs are perfectly bonded and well dispersed in the 
matrix. Every CNT has the straight cylindrical geometry, and no changeable mechanical properties as 
well as no voids between CNTs and polymer matrix material.  
Due to the above reasons, the highest stiffness of FEM model is estimated with respect to the 
numerical results and experiment results. 
Therefore, numerical approach is better to predict the elastic modulus rather than FEM model 
approach all over CNTs wt.% area. 
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Ⅳ. Manufacturing of PDMS-CNTs Nanocomposites 
 
4.1 PDMS-CNTs Nanocomposites Preparation 
 
According to the inherent agglomerated CNTs, dispersion method is technically issued. Until now, 
there are two types to disperse CNTs incorporated to the polymer resin. One is the mechanical 
dispersion by using sonication, extrusion, vacuum-assisted resin transfer molding (VARTM), and so 
on. The other is chemical method by using surfactants. Otherwise, the dispersion method is 
categorized depending on viscosity grade.  
Especially, high viscosity materials to be merged with CNTs are divided into 3 types as follows: 
. Melt impregnation 
. Solvent impregnation 
. In-situ polymerization 
 
These 3 types are featured to need the high shear forces. Three-roll milling technique is useful for 
shear force in viscous material without the aid of surfactant. Surfactant is the most factor causing the 
limiting the CNTs’ outstanding properties. In this study, three-roll milling technique was only used 
without the surfactant. Therefore, to make silicone rubber nanocomposites, three-roll milling 
technique was used because of high viscosity polymer material. In this study, Sylgard 184 base, 
curing agent and CNTs were utilized as silicone rubber (Figure 4-1).  
 
In prior to make specimen samples, the following 5 step concepts are considered. 
  
1 step) To be ready for material (Sylgard 184 kit from Dow Corning) 
2 step) To define CNTs wt% (0, 0.25, 0.5, 1, 3wt%) 
3 step) To define dispersion method (Three-roll milling) 
4 step) Vacuum (Degassing) 
5 step) Product of sample 
 
 
Each of concepts is shown to make samples as following procedures in Table 4-1 
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Figure 4-1 Material 
 
 
Table 4-1 Specimen procedures of PDMS-CNTs nanocomposites 
Procedure Condition Model 
Material Stirring 
PDMS Base + CNTs 
CNTs wt% : 0, 0.25, 0.5, 1, 3 
CNTs : CM-100 
(Hanwha Nanotech Corp.) 
Mixing 
Time : 1minute 
Revolution : 1350 
Rotation : 1100 
PDM-300 
Three-roll milling 
150 RPM (10 cycles) 
Some air is degassed through the three-roll 
milling by high shear force. 
EXAKT 
Type No : 80s/2053 
Curing 
[PDMS Base + CNTs] +Curing agent 
PDMS Base : Curing Agent = 10 : 1, by weight 
 
Vacuum Oven 
15 minutes only vacuumed (no heat) 
 
Recommendation: 15 minutes ~ 2 hours 
vacuumed, depending on the amount air 
introduced during stirring 
OV-11 
Hot Pressing 65℃ [149F] for 4 hours CARVER Model : 3851-0 
Laser Cutting Power : 70%, Speed : 90%, Z: 4mm Versa Laser 
 
During the hot pressing, the composites may harden or become brittle after prolonged exposure to 
the recommended temperatures; 25℃ for 24 hours/ 65℃ for 4 hours/ 100℃ for 1 hour/ 150℃ for 
15 minutes. 
BASE Curing Agent MWCNTs
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The procedures of making PDMS-CNTs nanocomposites are indicated as following in Figure 4-2. 
 
 
Figure 4-2 Procedures of making PDMS-CNTs nanocomposites 
 
During the procedures, air is not negligible to be avoided to affect the characteristics of 
nanocomposites. If the void quantity is much higher, nanocomposites are cracked easier to induce ill 
condition of mechanical properties. However, it was obvious that the efforts to reduce the void were 
attempted. Three-rill milling is the one of the process of degassing with aligned CNTs to be dispersed. 
Moreover, vacuum oven is important to degass while curing agent mixed to the throughput of three-
roll milling.  
 
 
 
 
 
 
 
Material Mixing Three-roll milling
Curing
Filled in the mold
Vacuum Oven
Hot Pressing Laser Cutting
Silicone Rubber 
Nanocomposites
+
Curing agent
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4.2 Specimens Geometry 
 
The test specimens are made according to the standard test regulation for tensile properties of 
plastics (ASTM Standards D638-03). 
 
            
Figure 4-3 ASTM Standards D638-03 (unit: mm) 
 
 
4.3 Measuring Objects 
 
. Tensile Tests (ASTM ) 
 To get elastic modulus  
 Test method: 500mm/min(crosshead speed) 
 
The Instron 5982 is the tensile test equipment, which load cell capacity is 1kN with resolution 
indicated in Table 4-2.  
 
Table 4-2 Load cell resolution of Instron 5982 for tensile/compression test 
 Resolution 
1kN Load Cell 10N ~ 1kN ± 0.4 % 
4N ~ 10N ± 0.5 % 
 
The tensile test speed is 500 mm/min controlled by ASTM Standards D638-03. The speed is 
appropriated because the rubber composites are classified to be non-rigid.  
The prepared specimens were tested in order to find out elastic modulus. Experiment was 
conducted between original PDMS and the others which were equipped to be shown in Figure 4-4. 
 
 
Thickness : 4
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PDMS PDMS + CNTs 
  
Figure 4-4 Equipped Specimens 
 
4.4 Specimens Characteristics 
 
The fracture surface of specimens was studied using Scanning Electron Microscopy (SEM) 
imaging. The specimens were frozen in liquid nitrozen and then fractured.  The SEM Images are 
shown selectively 1wt. % and 3wt. % CNTs in Figure 4-5. 
 
1wt. % CNTs 3wt. % CNTs 
  
Figure 4-5 SEM Images of 1wt.% CNTs and 3wt.% CNTs 
 
 
The difference between the 1wt.% and 3wt.% CNTs filled composites may be ascribed to the melt 
viscosity during the rubber milling process. The randomly orientation CNTs filled composites was 
anticipated. The dispersion of 1 wt.% CNTs was well made better than 3 wt.% CNTs. 
 
 
 
1μm 1μm
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4.5 Experiment Results 
 
The real experiment results of PDMS-CNTs nanocomposites are shown in Figure 4-6. 
 
 
 
 
< PDMS > < PDMS + 0.25wt.% CNTs, Nanocomposites > 
 
 
 
 
< PDMS + 0.5wt.% CNTs, Nanocomposites > < PDMS + 1wt.% CNTs, Nanocomposites > 
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<PDMS + 3wt.% CNTs, Nanocomposites> < Elastic modulus versus CNT wt.% > 
Figure 4-6 Tensile stress-strain of PDMS-CNTs nanocomposites 
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Ⅴ. Conclusions  
Numerical approach was worked by Mori-Tanaka method. It was proper model to determine 
mechanical properties for nanocomposites in this study. As the representative volume element (RVE) 
was introduced in this study, RVE model was proven to be successful computational FEM model in 
Chapter 3. Thus, all of the conditions for the RVE FEM model were considered. With these analytical 
conditions, such as loading condition, boundary condition, element type and so on, FEM simulation 
for uni-RVE material model was successful by comparison between original material elastic modulus 
and Young's modulus calculated by stress-strain relation in the computational result. 
The more CNT wt.% in the polymer matrix was, the higher elastic modulus was represented. This 
feature of nanocomposites was studied by numerical approach and FEM approach, respectively. Both 
two investigation approaches to guess the elastic modulus of nanocomposites were the same analysis 
trend results in that the higher modulus was at the CNTs aligned uni-directionally.  
However, nanocomposites with only 3D-randomly oriented CNTs were well fitted for the 
experimental data. In chapter 3, numerical approach was represented to be the less error of deviation 
by investigating experiment data than FEM approach. It was estimated that interfacial area between 
filler and matrix needs to be functionalized in FEM model. In this study, perfect contact condition was 
tried to bond 'fillers and matrix' to perform the interfacial area. On the other hand, Mori-Tanaka model 
is self-consistent to be averaged interfacial bonding between fillers and matrix. Thus fillers 
themselves have been calculated to be averaged of mechanical properties at each other. 
FEM results were higher than numerical results as growing of CNT wt.% due to the effects of 
multi-body interaction and perfect bonding. Therefore, the interfacial effect of matrix and fillers is 
important to predict the mechanical properties of nanocomposites. It remains how to make FEM 
model of interfacial bonding area property with considering contact condition in FEM environment.  
In Chapter 4, it was challenged to make dispersed CNTs well into the high viscosity of material 
like PDMS. However, 1wt.% CNTs with PDMS nanocomposites were better distributed  than 3wt.% 
CNTs with PDMS-CNTs nanocomposites. It was introduced to use three-roll milling equipment. This 
equipment was proven to be good of high viscous of material to be controlled, which is for the 
elastomer nanocomposites.  
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Ⅵ. Future Work  
 
Mori-Tanaka method has been introduced. The numerical simulation by using the Mori-Tanaka 
algorithm is quite useful to predict the mechanical properties of nanocomposites. Thus, FEM RVE 
modeling and various initial conditions of the computational analysis are succeeded to estimate 
Young’s modulus (elastic modulus) of epoxy-CNTs nanocomposites. Even though FEM RVE 
modeling contributes to evaluate the micro-, meso-level product., interfacial bonding area property is 
needed to simulate as an influential parameter determining mechanical properties of nanocomposites. 
Otherwise, for silicone rubber such as PDMS, further experiments need to be conducted to curve 
fitting for simulation, except for the tensile test. Then, FEM RVE model of PDMS-CNTs 
nanocomposites will be possible to simulate for predicting hyperelastic material properties under the 
same way of epoxy-CNTs nanocomposites.  
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Appendix 
 
Hook’s Law 
 
klijklij C es =  , { }3,2,1,,, Îlkji  
 
Stiffenss tensor ijkl
C
 is calculated by Hook’s Law.  
 
The general matrix frame of Hook’s law is expressed in Equation A-1~2. Thus, stiffness matrix [C] is 
as follows in Table A-1. 
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Table A-1 Stiffness matrix of material type 
Material Type Stiffness Matrix [C] 
Orthotropic Material [ ]
1
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Transversely Isotropic Material [ ]
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uE, and G are the Young’s modulus, Poisson’s ratio and shear modulus, respectively. 
1, 2 and 3 are the x, y and z axis, respectively. 
 
E
)1(2 u+
=
G
1
 , Isotropic material  
